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Abstract:

Self-drilling wing screwsare weltsuited for hardwood and pressed matdr@drdsand are
explored as an alternative connector to traditional Bott€onnecting thick hetolled steel

with timber. The wing avoidgorce-feedingof the screw into the timbewhich preventsthe
timber from crackingHowever limited studies were found on thienberto-steelconnection
using seHkdrilling wing screws under shear loadifignis paper investigatesesheaibehaviour

and capacity oself-drilling winged screw connections between radiata pine timber and hot
rolled steel plate througheexperimental test. In addition, tensile coupon testgwbending
tests, moisture content tesserew pullout tests, and screw bearing testse performed to
determine the material properties of the steel, timber, and sohetwgal of 70 experimental
tests were conducted on tlienber to steel connectiononnections with different steel
thicknesseg8mm20mm), timber thicknesslbmm-45mm), numbers of screws @), and
screw axis angle46°-90°). The failure mode is theoretically analyzed using Johansen yield
theory Theresulting data from Eurocode[84] was compared with experimental results as
current AS/NZ standards lack adequate guidance in addressing-tovdieel connections
From the above comparisahwasfoundthat the Eurocode [24] wasunderconservative by
90%. Based on the experimental results, new design equations for calculating the shear capacity

of seltdrilling winged screws are proposed

Keywords: Self-Drilling wing screw; Shear strength; MSG8 Radiata Pine H3.2; Hot rolled

steel;Microscope Digital Image CorrelationSingle lap connections; Multiple screws; Screw

axis; Eurecode 5.
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Outline of the thesis

This thesis consists of seven chapters:

T

Introductioni chapter 1 presents the backgroundtekltimber structual evaluation

of connection methods usadd the objectives of the study.

Material Tests- chapter2 describes the physical properties of the materials used in this
study delivered from the performed material properties tests.

Shear test setup and procedurehapter3 illustrates the testing methodology and
procedureof seltdrilling wing screws, in single shear connections for tirrtoesteel
arrangement.

Steeltimber test result§ chapter4 provides observation during test and effect of
parametersA |l s o, this chapter discusses the
modes of the screw in timber to steel configuration.
Comparativeasswssmentschapter 5 providea design comparision with Eurocode 5
and proposed design equations

Conclusions anéuture study- chapter 6 providesonclusionof the current study and
proposes some recommendations for future research.

Acknowledgment chapter?.

Reference$ chapter.

Appendix A. Shear test for single screw connecgtigrpendix B. Shear test for two
screw connectignAppendix C. Shear test for three screw connegctigpendixD.
Shear test for 116m length single screw connection screw connect\ppendixE.
Shear test for incline screw connectidippendixF. Eurocode 5 design  equation,

Appendix G Proposed design equation.
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1 Introduction

1.1Yield Theory

1.1.1 Introduction to Yield Theory

The shear connection also known as the laterally loaded connection, is the load applied
perpendicular to the length of the fastefekey idea in materials science and engineering is
yield theory, which focuses on understanding and predictingahaviourof materials under
stress. Its main goal is to determine the moment at which an object experiences irreversible
deformation or yielding in response to external forces. When a material exceeds its yield
strength under stress, it is said to have yielded;twiesults in profound changes to its structure

or form.

1.1.2 Assumption of Yeild theory

Europe yield theory was 1st applied to timber faswgeK.W. Johanse(1941) He assumed

dowel connection strength dependstonber resistance to dowel bearing, and resistance of
Dowel bending which he assumed thatberand dowel were ideally plastic under loading,
thebearing strength of fastersavas dependent dhecrushing strength dfimbermember and
bearing strength varies with specific gravitytmhber and load direction. The bending yield
moment must also be determined to examine the ppadestrew lateral resistance forming in

the metailto-particleboard connection. Like thienberbearing strength, the fastener's bending
yield strength is another important aspect that affects how screw plastic hinges form in timber
connections. For conservative design practice, fastener friction and axial load could increase
the effective loadresisance, but all friction and axi al
theory. And there is no limitation on joint deformation. Based on these assumptizaissen

used engineering mechanics approach to obtain the load capacity of the dowel connection

formulations for both singteand doubleshear joints. The basic assumptions in the generalized
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Johansenodés yield theory were the fundament al

prediction till now.

1.1.3 Yeild Failure Modes

Eurocode 5 classifies steel plates as thin platth thickness lesser or equal to 0.5 tintes
screw diameter and steel plataf thickness greater than screlameter. Based on metal
thickness lateral connection failure mode has been defined:

Mode a: Localised crushing timber.

Mode b: Single plastic hinge of fastener and localised crushitignioér.

Mode c: Uniform crushing dimber.

Mode d: Single plastic hinge of fastener and uniform crushitigniser.

Mode e: Localised crushing tifnberwith two plastic hinge of fastener.

1.2 Literature review

Self-drilling wing screws have gained increasing acceptance in the construction industry for
connecting various composite constructions made of steel and timber. When comparing wing
screws to traditional setfrilling screws, wing screws offer several adtgaes including ease

of use, improved stability, and the elimination of the need fordphéng holes. However,

when it comes to timbesteel connections, the design guidelines and structural behaviour of
thick hotrolled steel and timber are still notdely recognised.

Despite limited research on selfilling wing screws for thin steel plates,[37] including in
domestic, agricultural, and industrial constructions, their usage in linking steel components
with timber offers a unique challenge and possible bengtiis novel method tackles the
requirement for effective and adaptable connections that may bridge the structural divide
between steel and timber componeiiise primary focus in construction materials research

has been on timber, concrete, and steel, typicalllietl separately rather than in combination.
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Although timbefrconcrete composite buildings [3®] have received considerable attention,
there has been a noticeable lack of research on hybridistéelr composite systemBimber

and steel are two popular building materials extensively used in construction due to their unique
advantagesSteel is known for its durability and high strength in tension it provides the
necessary strength for long spans but timber on the other hand provides better aesthetics, is
costeffective, and high strengtio-weightratio [1-3] but cannot be used for long spans due to

its limitation [4,5]. Timber fiber orientation plays an important role in the transfer of load. The
industry is utilizing timbeisteel constructions, which blend the advantages of both materials.
There 8 ample research in composite structures using timbé&b][@o improve bearing
capacity. Other research has been conducted for tirdieel connections to examine the
mechanical properties of these connections using various types of fasteneyj HYd

developed a design method for the strength predictions oftstdsdr connections [223].

Figurel Tree® Timber towerapartment building in Bergen [16].

The most common way of joining timber to steel components is witliskihg screws. Sekl

16



drilling screws can be installed more quickly since they are typically alstapgiing, which
eliminates the need fpre-drilled pilot holes or préapping the steel element. The screws often
have wings tips for screw installation from the timber side, which means driving the screw first
into the timber and then into the stbetause the wings are broader than the screw's threaded
diameter, a prbored hole bigger than the screw diameter is created during installation,
avoiding thread action between the screw andithieermaterial. Because the wings allow the
screw to spin freely while drilling into the steel, ther@aslonger any chance that the screw

tip breaks or timber bulges while drilling.

Figure2: Selfdrilling wing screw mechanism [35]

1.2.1Shear Connection

There are studies on the shear behaviour of screw connections Hinsibesl composite
structuresYanget al. [17]investigated steel dection and timber, glulam. They highlighted

the positive impact of increased bolt diameter on Hoaudying capacity and the inverse
relationship with bolt spacing and found that STC connections using SDS were 61% more
ductile than onnections using 6 mm bolts, and 55% more ductile than those using 8 mm bolts.
Hassanieh et al. [1&,45 used several connectors to connect stidel and reported the
failure mode and loatlearing capacity. Milewskadf] investigated the shear strength o
connectors for poweactuated fasteners embedded iight gauge steel framing with various

steel grades and gaug@&4. specimens of pined, overlapped connections were fabricated, and

experimentatestswere conducted usingai ngl e s hear susingeUniydrsal t e st
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Testing Machiné Instron with 10kN capacity to analyse shear connection streagthfound

that the capacity of the nailed connection is related to fastiameter steel plate thickness

and steel sheet ultimate tensile strength and predominant mode of failure for all tested
specimens were tiling and bearing, or head shearing induced by tilting of the fastarers.
result was utilized to numerically analyse shear strength using a tilting screw equation. Rogers
et al. B7] investigated the bearing iss&nce of screwed connections that are loaded in shear
and provided a summary of results detailinglibbaviourof thin G550 and G300 sheet steel,
single overlap, screwed connections and found that two diffénakiness sheet steels are
connected with screws, failure will probably result from bearing distress in the thinner of the
connected elements and proposegthod of analysis aims to provide a more accurate analysis
of screw connections by considering the interaction of bearing and tilting failodes. It
introduces a gradated bearing coefficient that depends on the ratio of d/t [represents the ratio
of the diameter of the screw (d) to the thickness of the sheet steel (t)], with the maximum and
minimum values adjusted from existing standards. @proach is intended to improve the
accuracy of predicting the behaviour of screw connections that are loaded hpreuketed

load resistance when two differethickness sheets steelare joined. Nget al. [D] studied

an experiment using plywood @Balau hardwood, and the thickness of the stezinm, 1.6

mm, and 2.0 mm revealed that thicker efidmed steel shifted failure modes from withdrawal

to screw failure and the shear strengths obtained from experimental tests and Euf@dpde 5
show that the Eurocode 5 is 7 % conservative for plywood and Balau hardwood specimens.
Other research has beeanductedon timbersteel connections to examine the mechanical
properties of these connections using various types of fast@@e26][and developed design

method for the strength predictions of steelber connections21-23].

1.2.2ScrewArrangement
LaBoube and S 048] ooh ehavioue of esa@awccbnnegtions in residential
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constructiorninvestigated how theumber of screws, group effect reduction, and screw spacing
impact the strength of screw connections. Additionally, it was found that the strength per screw
in a connection decrease as the number of screws in the connection indreaskecrease in
strength is defined as the 6060Group Effectobd
as a direct multiple of the number of screws in a connection. That is, the strength of a
connection with four screws is less than four tirties strength of a simal connection with

one screwAS-1720.22010 B9 specifieslimits on the spacing between the centre of the
fastener in connection to not less thatin®es the outer diameter of the screw as spacing of
screw less than-Bmes the outer diameter of the screw caused the head of the screws to come
very close to eachtoh e r . Laboube ad48don tBeekfartlobspacingesiowed r ¢ h |
that 3 times the outer diameter of screw spacing connection has greater connection strength
than 2 times the outer diametafr screw connection spacingu et al. pQ] investigated the

shear bearing capacity of selifilling screw group connections of CFS sheets experimentally

with 237 tests using G550 to verify the new design equation proposed which can be used to
calculate the nominal shear capacity of-skilling sarew group connections, including high
strength steel such as G550 CFS sheets and
4.42%. Roy et al. 1] experimentallystudied the screw pattern of sdlilling screv
connections for higistrength coldformed steel using G550 and CFS plates withalzl 14

gauge screws. In studies, it was observed the connection strengths of the screw patterns for 3,
4, and 5 screws are 5.95%, 1.52%, and 3.91% lesser when comp@w@dimber of screws.

Screw arrangement does contribute to the connection strength. Further investigation on steel
timber screw arrangement helps us to determine connection strength which can be utilized as

part of industrial practice.

1.2.3Current Design standards
NZS 3603[29] lays forth specifications and principles for the planning, designing, and
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constructing otimber buildings and structures. Standard in section 4 discusses the design of
fastener connections, such as bolts, screws, nailsprapdietary fasteners, between timber
members and other materials like steel. It is important to note that NZS 3603 section 4.3 does
not cover all types of fasteners, such as-delfing winged screws. Similarly ifcurocode 5

[24] section 8.2.3 specifies the characteristic {oadying capacity of Steel timber connection

for screws, but no studies have been conducted fordskilhg winged screws. Lack of
equations and formulae to evaluate the structural properties sutteragtty stiffness, and
defamation capacity from the current design standards for the timber to steel type connections,
prevent structural engineers from specifying-skilling winged screws in their designs.

Eurocode 5 estimates the design strengths of-steleér screwed connections for different
failure modes, as illustrated in the below figures. These estimates can be derived from

Equations 1(ze) from the Eurocode [24], which are presented below:

(a) (b) (©) (d)(e)
Figure3 Failure modes from the EurocodeZ]
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In theabove equation; ts the smaller penetration depth value or timber thicknesis. the
characteristic embedment strength. dMye char a
is the characteristic yield moment of the screwsdiis the characteristic head side giltough

strength. dis the nail head diametegedis the point side penetration length. Diameter of screw

d. faxkis the withdrawal strength perpendicular to the grain direction. For a laterally loaded
screw, load carrying capity is calculated using effective diamedlertaken as 1.1 times the

treaded root diamete&].

1.3 Advanced technology ioonnection testingsing DIC andmicroscope

Researchers use modern techniques to observe internal damag#fergmt approacks
(a) High resolution photography:Failures in steel are captured using higholution
photos, which reveal localized stress concentrations. Microscopic images display the

patterns of damage progression for different steel and timber thicknessés] [40
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IM-7/PIXA IM600/Q133
(Load: 100%Pmsx) | (Load: 100%Pmax)

Figure4 High-resolutionphotographyof through thickness bearing damage, tested at 100% of
maximum load.[40]

(b) Digital Image Correlation (DIC)Local damage irtimber is identified using digital

image correlation techniques, allowing researchers to examine its influence on the
overall joint respons@2-44]. Digital Image Correlation (DIC) is a commonly used
optical technique in the field of experimental mechanics. Its purpose is to obtain a
detailed understanding of thehaviourof materials. It does not serve as a standard for
design but instead functions as a means of assessing or quantifying. European standards
providing design advice. The outcomes of DIC analgsisiprise strain maps that
provide useful insights into the mechanitcahaviourof materials under external
stresses.

By combining highresolution photography, DIC, and microscopic observations, researchers

can gain a comprehensive understanding ob#t®viourof connections under stress.
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1.4 Research problem

In the current market, bolts are widely used for composite connections. However, this method
is laborintensive and time&onsuming. Additionally, bolts often cause damage to timber
surfacegduring predrilling or bolt tightening. This drawback can be mitigated by using self
drilling wing screws, which eliminate the need for-gréled holes. This study investigates the

use of seHdrilling wing screws in timber to hightrength structural stéto-timber
connections.

This study investigates the use of a#ifling wing screws in timber to hightrength structural
steelto-timber connections. This approach reduces the risk of timber damage and decreases
the time required for installation. Specifically, the noveltyhis tesearch lies in demonstrating

that the investigated screws can be effectively used for thieiolet steel, even when drilled
manually. Such investigations for connections in tirrdieel and steedteel are currently
lacking.

CurrentNZS 3603[29] section 4 provides the design of fastener screws as gdngrab

studies have been conducted forskifling winged screwsLack of equations and formulae

to evaluate the structural properties such as strength, stiffness, and deformation capacity from
the current design standards for the timber to steel type connections, prevent structural
engineers from specifying seffilling winged screws in their designs.

The primary aim is to examine the structusahaviourof timber when connected to steel
through seHdrilling wing screw connections. This will involve analyzing the properties and
composite systems of the three main components: timber, steel, and screw connections. The
study will focus on various screeonrected material compositions, such as group screw
connections, and will evaluate these connections according to both American and European

guidelines [24,2634].
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2 Material Tests

2.1 Introduction

The material properties of steel, timber, and-delfing wing screws were determined
by conducting a series of material tests. These components were used to fabricate and test steel
timber connections in which the steel and timber geometry, screwrgpeation and number
of screws were varied. All tests were carriediodhelaboratory at th&niversityof Waikata

Detailed information is provided in the sections below.

2.2 Material property ofsteel

For steelthree repetitive tensile tests were condugiedASTM E8-21 [36]. Thetest steel
coupons were extracted from a steel plate 00 i2m thicknessas shown in Figure e
couponsof size 2.0 mm width, 2.0 mm thick, and 19.6 mm gauge lengtle prepared using
Wire EDM. Tensiletestswerecarried out on a 5N Instronmachineunder displacement/force
control at a displacement/loading ratelmm/min.Figure6 and Table 1present the stress
strain response and the main mechanical parameters for each tested couponthsugields

strength( yJ, theultimate tensilestrength( &, and theelongationat fracture (s).

Tablel Material property of steel

Average Average  Average
Yield Tensile  Elongation

Steel yield tensile  elongation
strength  strength  at fracture

coupon strength  strength  at fracture
Gy (NMNGu (N Uf (¢

]

gy (NMNGu (N Uf (!

SCGO01 422.88 565.53 12.11

SCG02 445.60 569.02 16.7 433.66 568.23 14.77

SCGO03 432.5 570.13 155
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Figure5 Steel coupon sample preparation.
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Figure6 Stressstrain graphs for steel plates used ingkperiments.
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2.3 Material property of timber

For the steeltimber connectiongrade SG0§29] radiate pine timber was considered for the
steeltimber connections. The nominal material properties of SGO8 radiate pine timber
according to NZ3404 [29] aedastic modulu8 GPabending strengtih4 MPa, tensile strength

6 MPa, and compressive strendtB MPa respectively. The dry density and moisture content
of the specimens were determined by moisture content test in accordand&WihD2395
17[27] as shown in Figuréthe measured averagertity andnoisture contemvere494.97

kg/m? and 9.07%respectively.

Figure7 Moistureanalyzemwith test samples.

Table2 Moisturecontent angpecific gravityof timber

Test Length Width Thickness  Weight Weight Moisture

Number (mm) (mm) (mm) before after content
(9) ©) %

1 50.33 49.52 5.11 6.58 5.95 9.56

2 50.33 49.06 5.22 6.59 5.8 10.1
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3 50.43 49.38 5.04 6.33 5.74 9.31

4 50.18 50.26 5.23 6.46 5.9 7.74
5 50.14 49.35 5.25 6.10 5.56 8.77
6 50.42 49.73 5.07 6.53 5.9 8.27
- 50.27 49.53 5.34 6.50 5.92 8.93
8 50.16 49.38 5.0 6.10 5.49 9.89

Average 9.07

24 Material property ofscrews.

The Selfdrilling wing screw with a countersunk milling head had a screw diameter ofr,3
alength varying from 8@.30mm, andascrew head diameter @) mm, as illustrated ifrigure

8.

80 mm

20 mm

Figure8 Seli-drilling wing screw dimensio[85].
Figure9 provides the stress v/s strain response showing three curves representing Specimen
01, 02, and 03 and thdiehaviourcharacterized by elastic and plastic regions, as expected.
Each curve exhibits initial elasticity, followed by plastic deformation until failline xaxis
represents strain, and theayis represents stress (in MPahe stress was evaluated by
dividing the machine load in N thecrosssectional area in mfand the strain was calculated

by screw length and elongation in mm.
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Figure9 Stress v/straingraph for screw tensile test

2.4.1 Screw Shear Test

Screw shear was <carried out -I[n§ abygoWdahhbe
compamgedrhi | | i ng wasncg esvcmodf wdGf.a3ne t pera ka n do atdh @ r
shear and tensiohabiBse di splayed in below

Table3 Summary of measured 618m nominaldiameter seHdrilling screws shear capacity.

Ultimate shear force, MeanUltimate shear force,
Number of tests

Pu (KN) Pu (KN)
1 13.2166
2 13.0026
3 12.5900
4 12.6392
13.0726
5 13.1611
6 12.9919
7 13.2651
8 13.7146
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Figurel10 Testing of screw shear capacity

2.4.2 Screw Tensile Test

Screw ¢amacdciltey was carried ouBDi by atWaot be
compamgedhi | | i ng wasmcg esvcmodf wdGf.a3ne t pera ka n do atdh @ r
shear and tensi ohabifise di splayed in bel ow

Table4 Summary of measured 6n3m nominaldiameter sekdrilling screws tensile capacity.

Number of tests Ultimate tensile force, Mean Ultimatetensileforce,
Fm (KN) Fm (KN)
1 23.1398
2 23.4226
3 23.2434
4 23.6176
23.3873
5 23.3468
6 23.4514
7 23.4514
8 23.4260
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Figurell Testing of screw tensile capacity

2.4.3 Screw Bending Test

2.4.3.1Screwbending test foBO mm screw length.

A total of 14 screw bendingests werearried out for a fully threaded 8m screw lengtlwith
ashank diameteof 5.2 mm in accordance withSTM F1575[32], thespan length § is 60

mm. The testwasconducted aa constant rate of loading at 6.35 mm/min usingkiNJoad
cellin a100kN Instron testing machinesulting in an average maximum bending moment of
27100 N.mmas shown irmable5. Figure13 represents the relationship between midspan load
and midspan displacement. Multigkestsare represented by different lines, with an average
indicated by a dashed line.n i t i a |l llinearindrdase in oédswvithadisplacement (elastic
deformation), followed by a plateau representing the yield point and plastic defornidtmsn.

X-axis represents strain, and thaxis represents stress (kKN).
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(a) Screw bending setup
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Specimen

Figurel12 Screw bending tesesultfor 80 mm screw length

(b) Post-testing of screw
bending

3point screw bending test

- TN

Midspan Displcement (mm)

Figure1380 mm length &rew bending loadlisplacement curve.
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Table5 Screw bendingapacity for 8dnm screw length.

TestNumber Screw Loading  Bending Displacement Bending
Diameter Rate Load (mm) Moment
(mm) (mm/min)  (kN) (N.mm)
1 5.24 6.35 1.74 4.03 26100
2 5.20 6.35 1.80 4.04 27000
3 5.25 6.35 1.77 4.35 26550
4 5.20 6.35 1.79 3.99 26850
5 5.23 6.35 1.74 3.95 26100
6 5.19 6.35 1.80 4.12 27000
7 5.18 6.35 1.81 3.67 27150
8 5.24 6.35 1.74 3.81 26100
9 5.22 6.35 1.87 4.00 28050
10 5.18 6.35 1.81 3.97 27150
11 5.21 6.35 1.74 3.97 26100
12 5.2 6.35 1.95 5.74 29250
13 5.19 6.35 1.78 4.47 26700
14 5.17 6.35 1.86 4.08 27900
Average 5.20 6.35 1.81 4.19 27100
cov 0.02 0.03

32



N
4

g 3o IO AR T R M - NS
I3 4 Gl L 1 gt 3
N )

Figurel4 Tested specimen for 8@m length screw

2.4.3.2Screwbending test fodl 10mm screw length.

A total of 15 screw bending tests were carried out for a partially threaded 110 mm screw length
with a shank diameter of 5.2mm in accordance WiBTM F1575 thespan length & is 60

mm. The testwasconducted aa constant rate of loading at 6.35 mm/min usingkiNJoad

cellin a1l00kN Instron testing machinesulting in an average maximum bending moment of
27100 N.mm as shown in TableRgure 16 represents the relationship between midspan load
and midspan displacement. As shown in the result bermdipgcity remains the same for both

the length of screws within the engineering limit.

(a) Screw bending test setup (b) Bending failure of screw
Figurel5 Screw bending test for 110 mm screw length
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Figure16 Load-displacement curves fa10 mm length screwom thebending test resudt

Table6 Screw bending capacity for 1H0m screw length.

Test Number Screw Loading Bending Displacement Bending
Diameter Rate Load (mm) Moment
(mm) mm/min  (kN) (N.mm)
1 5.19 6.35 1.8 4.09 27000
2 5.2 6.35 1.73 3.09 25950
3 5.2 6.35 1.83 4.39 27450
4 5.19 6.35 1.83 3.99 27450
5 5.19 6.35 1.68 2.89 25200
6 5.2 6.35 1.68 3.12 25200
7 5.19 6.35 1.69 2.78 25350
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8 5.19 6.35 1.71 3.17 25650

9 5.2 6.35 1.8 4.02 27000
10 5.2 6.35 1.83 3.82 27450
11 5.2 6.35 1.64 3.15 24600
12 5.2 6.35 1.67 3.11 25050
13 5.19 6.35 1.7 2.94 25500
14 5.2 6.35 1.78 3.26 26700
15 5.2 6.35 1.76 4.27 26400
Average 5.20 6.35 174 43.47 26130
cov 0.00 0.0378

Figure17 Bending failureof 110mm screw length

24.4 ScrewBearing Test

The bearing strength is one of the importrtem properties dependent on the characteristics
of both the fastener and thienber material The bearing test results determine the static load
resistance and deformation of connectionsnmberandtimberbased products resulting from
applying a load transmitted by a fastener inserted. ld@aldisplacement curves are shown

belowin Figure 18.
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Figure18 Definition of loads obtained from the loagformation curvg34]

The rew bearing test was carried out in accordance A&hM D576423a[34] for 3 timber
samples withorientationpositionedparallel tothe graindirection A half-hole configuration

was used with a constant load rate of 1mm/asimg alO0KN Instron machines shown in
below Figure 9. Theyield load and ultimate load are represented in T&bl€he load
displacementcurve for specimenskEl, E2,and E3 is shown inFigures 21, 22, and 23
respectivelyFor all the specimeyield load is calculated by fitting a straight linetteinitial

linear portion of the curve arithe intersection at whiclthe offset line equal to 5% ahe
fastener diameter intersect$ie timber embedded strength is calculated using the max applied
force (N), screw diamet (mm), and timer thicknegsim). Experimental results show that all
the timber specimesfailed due to localized crushing of timber bByscrew withan average

embedded depth of 5.62m.
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Figure21 Load v/sdisplacemengraph for specimen E2
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Figure22 Load v/sdisplacemengraph for specimen E3

Table7 Screw bearing yield and maximum load.

Specimen Yield load kN) Ultimateload kN)
El 8.02 8.91
E2 8.06 8.72
E3 7.77 8.43
Average 7.95 8.69
Standard Deviation 0.13 0.20
Embeddedtrength(MPa) 18.05 19.72

24.5 Screwthread withdrawakapacity.

The connectiobehaviourtestbetween screw thread and stegisassessed throughseries
of withdrawal test$ollowing ASTM-D1761-20 [33] for the stedhicknesses 12.0 mm, 16.0
mm, and 20.0 mmwith 3 repetitive for eachThe tess were conducted in a 108N Instron

testing machine aha constant rateof 2.54 mm/min [33]. The load-displacementcurve is
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displayedin Figure24 which was directly extracted from the instrand results are given in
Table8 . Initially there is a shallow stiffness due to the bolts in the attachmenfFogsteel
thickneses 16 mm,and 20 mm before screw pullodhe screw failed resulting in similar

ultimate capacity

Table8 Ultimate load and corresponding displacement for different Stexdinesses

Average
Average Displacement at
Specimen Maximum Displacement at
Maximum Maximum Force
No. Force(kN) Maximum Force
Force(kN) (mm)
(mm)
12mml 16.97 571
12mm 2 15.88 16.45 4.46 4.9
12mm 3 16.49 4.53
16mml 21.43 5.79
16mm2 21.80 21.59 8.58 6.57
16mm3 21.53 5.34
20mm1 21.85 5.85
20mm2 22.02 21.69 5.55 5.50
20mm3 21.18 5.11
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(a) Test setup 3 € (b) Test specimen under preparflorf

Figure23 Test assembly of screw pullout test.
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Figure24 Screw pullout loaddisplacement curve.

2.5 Summary

The objective ofChapter2 was to confirm the material properties of all components of
composite connection because the performance of the screw conneldmergison the

physicalproperties of the steel plate, screw, and timber.
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3 Shear testsetup and procedure

3.1Introduction

The purpose of this chapter is to present the experimental investigation program for the shear
strength of selfrilling wing screvs in timberto-structural steelSheartests were performed

to investigate the design values of shear connections. The tests included a comprehensive set
of combinations oflifferentstee| and timberthicknesses in the most suitable configuration.

An arrangement of the single lap joint withe screws was chosen to follow Eurocode 5

requirements for assessment and D1i7@0 [33] for test verification.
3.2Shear test

3.2.1 Specimen details

The shear tests were conducted on specimens incorporating structural steel and timber
materials and screws described before. In all configurations, screws were employed to establish
a connection between the timber and steel. The 6.3 mm diameter screwkeaddigned

with the top of timber elements and the threaded part passed through the timber element. The
screw was drilled into the composite structure keeping the screw head in contact with the
timber. The parameters evaluated in the tests were: (Betinthickness, (ii) steel plate
thickness, (iii) number of screws, and (iv) screw inclination.

Three timber plate thicknesses were 20 mm, 40 mm, and 50 mm, whilst the length and width
were 300 mm and 100 mm, respectively. The steel plates had four different thicknesses of 8
mm, 12 mm,16 mm, and 20 mm, and a length of 300 mm and a width of 100 newvalliate

the screw group effectwo to three screws were utilized as shown in FigtfeFor a single

screw connection, the screw was positioned 100 mm from the end of the timber plate in the
center of the lap joint. For a twstrew connection, two screwvere positioned 60 mm pitch

distance and 70 mm from the end of the timber, respectively, to ensure equal spacing. In three
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screw arrangements, the screws were positioned equally (70 mm from the end of the timber
and 50 mm from the center to the cergsershown in Figure 25For M16 bolts, which were

used to connect to the rig, two predrill holes were made at a distance of 35 mm from one end
(Figure 25)

The specimens are labeled according to steel thickness (8, 12, t#n)2@imber thickness

(15, 30, 45mm), number of screws and then screw angle or length. For exampl€3808L-

45 indicates: S08 is for the steel with a thickness of 8 mm, T30 means timber witin 30
thickness, N1 is one screa¥ diameter 6.3nm, and 45 standards for a-dBgree angleTwo

types of screws Type A and Type B were selected from the current new zealand market as

shown in Figure 30.

Two screw Three s

Figure25 Screw arrangement
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3.2.2 Testing arrangements and instrumentation

Two custom test rigs wemonstructed to replace the grips of the machine and to enable the
test specimens to be bolted to 1@ kNInstron The steetimber specimens were fastened to

the rigs using M16 bolts, in which the steel plate was connected to the top rig, while the timber
panel was connected to the bottom test rig. A test specimen and schematic diagrams of the test
rigs for the shaatest are shown in Figui6. In each test, the specimens were subjected to
loading at a rate of 2.54 mm/mas per ASTM D176D6 until failure [33]. The screw and
loading cells of the Instron were aligned with the pulling axis. The tests were conducted in an
Instron of 100 kN capacity and the ultimate capacity and corresponding displacement were

obtained.

(b)

(@ Test screw specimen

() Load direction

Figure26 Experimental test setdpr Timbe to steel connection under shear
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Table9 Testmatrix

Type of test Testgroup Screwarrangement Component Position of the

screw head
1 Single screw TimberSteel Timber
Shear 2 Multiple Screw Timber Steel Timber
3 Screw rotation Timber Steel Timber

Figure27 Test Samplepostsamplepreparation.

3.3 Digital Image Correlation DIC) instrumentation

DIC was used to monitor the strain distribution across the surfaces of the specimens. Before
dataacquisition, the surfaces of the specimens were prepared by smoothing and cleaning them.
Subsequently, a random black-white speckle pattern was uniformly applied to each face of

the sample using opaque spray pahich forms a area of interest (AOl)The DIC system

was calibrated following the specifications outlined for the 3T calibration, using a
calibration target of 10 mm spacibgtween thealibrationdots The cameras equipped with

a lens of 35 mm focal length were adopted to acquire diggthimages. The sampling rate of

the camera was set to be five images per second and was oriented towards the specimen
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surfaces, irplane (frontal). The location of this module was also determined by the
recommended calibration distance to the timber specimen of thickness 13nmmm, and 45
mm, resulting in an angle of 21.32°1.33°,and 25.59° between cameras with the precision

error of 0.095%,0.099%, and 0.126%. Fig28shows the DIC setup with specimen assembly.

f\

S ,
Figure28: Preprocess of the samples @i test setup.

4 Steeltimber test results

This sction presestthe experimental investigation program for the shear strength ef self
drilling wing screwsn timberto-structural steel. Shear tests were performed to investigate the
design values of shear connections. The tests included a comprehensive set of combinations of
different steeland timber thicknesses in the most suitable configuration. An arrangement of
the single lap joint with screswas chosen to follow Eurocode 5 requirements for assessment
and D1761 20[33] for test verification.
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4.1 Influence of screw parameters

4.1.1 Screw length

To investigatethe effect of screw length on shear capadhg, curve in Figur@9 shows the
average response observed across three experiments conducted for each screw length. A 6.3
mm screw diameter was utilized fasteel thickness of 8im and timber thickness of 45m.

Table 10 provides a summary of all test results for theximum force KN) and related
displacement atnaximumforce(mm) values.The test findings indicated that the screw with a
length of 80 mm had a force of 6.5 kN, while the screw with a length of 110 mm had a force
of 6.47 kN. When comparing the total stiffness, it is observed that the 110 mm screw has a
higher stiffness with aecant stiffness (k0,4) of 0.67 kN/mm, whereas the 80 mm screw has a
stiffness of 0.53 kKN/mm. However, during the experiment, it is observed thaititlestiffness

of an 80 mm length screw is high, which decreases as the displacement inGiteasasthat

the screw's capacity remains unchanged indicates that varying the screw's lengthftzatnot

the shear connection capacity

Table10 Test results for different screw length

g| Screw Maximum Displacement Screw Maximum Displacement
Né specimenof Force at Maximum specimenof Force at Maximum
" length 110 mm (kN) Force(mm) length 80 mm (KN) Force(mm)
01 S08T45N01 6.91 8.72 S08T45N01 6.11 12.7
02 S08T45N01 6.32 8.62 S08T45N01 6.96 11.96
03 S08T45N01 6.18 11.47 S08T45-N01 6.42 11.97
Average 6.47 Average 6.5
Standard 0.29 Standard 035
Deviation Deviation
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Figure29: Averageloadv/s dispalcementurvefor different €rewlength

4.1.2Screw type

To examine the impact afifferentscrewson shear capacity, the graph in Fig8dallustrates

the average results obtained from three separate experiments done for each screw. A screw
with a nominaldiameter of 6.3nm was used for steel with a thickness ah® and timber

with a thickness of 4Bhm. Tablell presents a comprehensive overview of the test results for

the Maximum Force (kNYyalues. The variability in thecrewtype can impact the shear
connection capacity, & own in this scenario tlrapacityincreases by 60% for Type A screws

when compared with Type B screws. It is obisdrthat Type A screwareless ductile and

more stiffer than Type B screws.
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Tablel11 Shear capacity for different types of &nBn screws

Specimen Maximum Tensile displacement at
label force(kN) maximumforce(mm)

Type Al 11.07 21.77

Type A2 10.25 18.87

Type A3 9.67 18.32

Average 10.33
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Type B1 6.11 12.70
Type B2 6.96 11.96
Type B03 6.42 11.97
Average 6.50
Aver ages LDbiadplvaacement
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Figure31 Average load v/s displacement curve for different types of screw

4.1.3 Screw inclination

To examine the influence of the screw inclination on shear capacity, the greguia 33
illustrates the results obtained from experiments conducted foidagt®e screw inclination
which was achieved by using an angled washer afeffsee with a nominal diameter of 6.5
mm. A screw with a diameter of 6.3 mm was used for steel wiiltkness of 8 mm, 12 mm,
16 mm, and 20 mm, and timber with a thickness of 45 mm.

Figure33(a)illustrates the loadlisplacement curve forr@m steel thickness and #tm timber
thickness and the effect of the scrawelination on shear capacityTable 12 presents a
comprehensive overview of the test results for the maximum force (kN) vaNiesn
comparing specimens with equal thickness but varying strelimation angles (45 degrees

vs. 90 degreesjifferences inpeak loadare observed Specifically, the ultimate capacity is
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higher for the 4&legree screwnclination compared to the 98egree screwnclination
Additionally, as the steel thickness increases, the capacity increasesnfion ffickness but
decreases for 16im and 20mm thickness.For a screw axis with a 4@egree angle, the
capacity trend is similar to that of a-8@gree angle. However, there is an exponential increase
in capacity specifically for steel thicknesses oh2®. The experimental results of the screw's
shear capacity on average increase by 1#6%ause an axial component is developed when
force is no more acting perpendicular to the screw axis as shown in Bigureis indicates

that the shear connection capacity is influencethbghange in the screw'sia, which could

be a potential area for future study.

Figure32 Single screw connection at an angle ofdégree
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Figure33 (a) Comparison of 48egree & 9&degree screw axis (b) Effect of screw axis

Tablel12 Shear capacity for 45&9Degree screw axis

Specimen Ultimate Capacity Specimen UItimate
(KN) Capacity (kN)
S08T45-N1-90 6.5 S08T45-N1-45 15.35
S12T45N1-90 8.54 S12T45-N1-45 16.33
S16T45-N1-90 6.64 S16T45-N1-45 12.34
S20T45-N1-90 5.53 S20T45-N1-45 19.5
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Figure34 Different forcecomponentscting on inclined screws

4.1.4Number of screws

All the test results of the experiments of shear connection were recorded and are presented in
Table13including the type of failure mode that occurred for each specimen together and the
corresponding ultimate capacity. All three failurdesrelated to thick steel plates were
observed.

For all the tests, timber embedment failure was noticeable. The screw plastic hinge formation
was dominant for 30 mm and 45 mm timber thickness. Even though the test specimens
exhibited different failure modes, all the specimens ultimately failed in sBaaed on this
observation and in conjunction with the fastener shear strengths investigated it can be
concluded that for the timbsteel type of connection, fastener failure is governed by majorly

on timber thickness.
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Table13 Sheartestresult

Timber thickness

T15 T30 T45
Steel
Ultimate Ultimate Ultimate
thickness Displacement Displacement Displacement
Load Load Load
(mm) (mm) (mm)
(kN) (kN) (kN)
SO08N1 6.4 7.76 7.02 10.01 6.5 12.21
S12N1 5.75 8.32 8.1 15.02 8.54 16.12
S16N1 6.55 12.48 5.85 11.46 6.64 12.48
S20N1 6.27 9.65 7.79 13.31 5.53 8.07
S08N2 9.47 7.15 9.54 8.55 14.19 9.21
S12N2 10.9 8.9 13.11 9.84 14.62 11.6
S16N2 10.89 8.1 13.42 11.97 12.52 10.98
S20N2 15.14 11.84 15.39 12.57 12.87 12.44
SO08N3 24.01 10.93 24.17 11.1
S12N3 17.08 9.7 23.09 13.77
S16N3 13.53 11 23.5 11.02
S20N3 16.38 11.78 21.32 10.91
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Figure35 Photo of postested specimens
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4.2 Influence of steetimber connection parameters

4.2.1Timber thickness

In timbersteel connectiorthe change in timber thickness is shown to be associated with a
change in the failure modBased origures36, 37, 38, and 39t is indicatedthat the capacity

of 1 and 2 screw connecti®imcreases when the increasdimber thicknesgrom 15mm to

30 mm. However, the capacity falls when the timber thickness goes fracim8€ 45mm.
There isanaveragancrease of 17%apacityin timber thickness when using one screw, from
15 mm to 45mm. There isan averagencrease of 32% capacityin timber thickness when
going from 15mm to 45mm using two screws. However, The capacity of 3&crew
connection increases from 8imto 45mm due to the efficient distribution of the load. There

is an averagancrease of 35%apacityin timber thicknesérom 30 mm to 45mm for three

SCrews.
Load Vi splacem®emts tcaualv ep Ifaotre
3 0
2 5]
] ey
Pad ua
4 ’a”” A P
2 o Lol T BRI
E s - 1 1
] .7, 1 1
= - L. 1 1
E 1 /, ', ! !
w1 54 L’ e . .
o 1 ’ ’
| Ll e
, ’
4 ’ 4
1 04 ,/ ’/
] L,
] 4 ¢
b I',"‘J,
5 1 PRSP
i ¢/ ,1
U »
1"'
] 1,
O == EEE———
0 2 4 6 8 10 12 14 16

Di spl amm® me nt
SO 811 &N1 SO 813 N1 SO 874 BN1 SO 8T1 BN2
-S0 813 N2 SO 874 BN2- - -S0 813 ON3- - -S0 874 5N3

Figure36 The loaddisplacement curve for 8 mm steel plate
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Figure37 The loaddisplacement curve for 12 mm steel plate
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Figure38 The loaddisplacement curve for 16 mm steel plate
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Figure39 The loaddisplacement curve for 20 mm steel plate

4.2.2 Effect ofsteel thickness

An effectin either peak load or stiffness has been found in tirtdesteel connections when
thicker steel is used. According to the graphs in Figdtegll, and42, there is an average
reduction of 14% in capacity as the steel thickness increases framt® 20mm for a single
screw.The capacity of two screws decreases by an avera@fbais the steel thickness changes
from 8mmto 20mm. There is a consistent decrease in capacity for steel thickness from 8
to 20 mm across three screws, with an rage decrease of 11%. Additionally, for timber
thicknesses of 1Bom and 45mm, assteel thickness increasti®re is a averagalecrease in

stiffnessby 22%
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